We have used mRNA differential display to compare gene expression in normal and GH receptor-deficient dwarf chickens, and report here the characterization of one differentially expressed gene, which shows significant sequence identity to the sulfotransferase gene family. Partial cDNA clones were isolated from a chicken liver cDNA library and an additional sequence was obtained using 5 rapid amplification of cDNA ends. A complete cDNA probe hybridizes to three transcripts (2·4, 2·0 and 1·45 kb) on Northern blots of chicken liver RNA, which differ in the length of the 3 untranslated region. All three transcripts are expressed at higher levels in normal vs dwarf chickens, as expected for a GH-regulated gene. The expression of this sulfotransferase mRNA was also detected in skeletal muscle, but not other tissues. The administration of GH to chickens increased the hepatic expression within 1 h, suggesting this sulfotransferase could be directly regulated by GH. Sulfotransferase activity, using estradiol or corticosterone as substrate, is detected in cells transfected with an expression vector containing the full-length cDNA. The sequence of this sulfotransferase does not show significant similarity with any subfamily of the sulfotransferases and its endogenous substrate is presently unknown. However, we speculate that GH activation of sulfotransferase activity could play a role in reducing concentrations of growth-antagonistic steroid hormones in GH target tissues. These results demonstrate the usefulness of differential display in this model system to identify genes that play a role in mediating GH action.
Introduction
Growth hormone (GH) exerts a wide range of cell-and tissue-specific responses, including regulation of lipid, nitrogen and carbohydrate metabolism, as well as induction of cell growth and differentiation. These effects are mediated by the binding of GH to its cell surface receptor (GHR), activation of downstream cellular signal transduction events and altered expression of specific genes in target cells. Despite the multitude of effects of GH on growth and metabolism, relatively few GH-regulated genes have been well characterized or their role in GH action determined. Many studies looking at the action of GH have used hypophysectomized animals which are deficient in all pituitary hormones, not just GH (Berry et al. 1986 , Yoon et al. 1987 . We have used the sex-linked dwarf chicken as a model to study the actions of GH. These animals are pituitary intact, but the absence of a functional GHR in the dwarf results in a complete absence of GH action. We have previously reported on the molecular mutation in the GHR gene in the Georgia line of dwarf chickens (Huang et al. 1993) . By using the mRNA differential display technique to compare gene expression in livers of normal and dwarf chickens, we have noted differences in the steady-state mRNA levels of a large number of genes (Agarwal et al. 1995) . Using this approach, we isolated and characterized a cysteine protease inhibitor whose pattern of expression suggests it is a GH-regulated gene (Agarwal et al. 1995 , Radecki et al. 1997 . Characterization of a second differentially expressed cDNA is described here.
A complete cDNA was obtained through cDNA library screening and 5 rapid amplification of cDNA ends (5 RACE). A comparison of the 312 deduced amino acid sequence with the GenBank database indicates the cDNA is a member of the sulfotransferase gene family. Sulfonation is important in the metabolism of many endogenous and exogenous compounds, such as steroid hormones and xenobiotics (Mulder & Jakoby 1990) . There have been several reports on GH regulation of estrogen and thyroid hormone sulfotransferase activity, although the physiological role of these enzymes in regards to GH action is unclear (Yamazoe et al. 1987 , Gong et al. 1992 . We speculate that the growth-promoting activities of GH are mediated in part through tissue-specific regulation of the activity of hormones such as estradiol or corticosterone, which can retard growth (Freundenberger & Hashimoto 1937 , Murphy & Friesen 1988 , Luo & Murphy 1989 , King & Carter-Su 1995 .
Materials and Methods

Experimental animals
The normal and dwarf broiler chickens used in this study are maintained at the University of Georgia and are of the same genetic background (Marks 1982) . Fertile eggs were shipped by air to the University of Delaware for hatching. Animals were handled in accordance with the principles and procedures outlined by the University's Animal Care and Use Committee. In experiments on determining in vivo effects of GH, 8-week-old chickens were injected i.m. with saline or chicken GH (cGH) (100 µg/kg body weight) and killed 1, 2, 4, 8, 16 or 24 h later (four birds per time point). (Recombinant cGH was kindly provided by Dr Larry Cogburn, University of Delaware.)
Materials
RNAmap mRNA Differential Display system was purchased from GenHunter Corporation (Brookline, MA, USA). Cell culture reagents and the 5 RACE system were purchased from Life Technology, Inc. (Gaithersburg, MD, USA). RACE products were cloned using the Original TA cloning kit obtained from Invitrogen (San Diego, CA, USA). Radiolabeled nucleotides were purchased from New England Nuclear (Boston, MA, USA). RNeasy RNA miniprep kit was purchased from Qiagen (Chatsworth, CA, USA). Oligonucleotides were synthesized by Biosynthesis, Inc. (Lewisville, TX, USA). ZAP chicken liver cDNA library and pSG5 expression vector were purchased from Stratagene (La Jolla, CA, USA). Poly(A)Tract mRNA isolation system, Wizard PCR Preps, Wizard Minipreps DNA purification systems and enzymes were purchased from Promega (Madison, WI, USA). RediPrime random primer labeling kits and sequencing reagents were obtained from Amersham (Arlington Heights, IL, USA). BCA protein assay kit was purchased from Pierce (Rockford, IL, USA). 3 -Phosphoadenosine 5 -phosphosulfate (PAPS) was from Sigma Chemical Co. (St Louis, MO, USA).
mRNA differential display
Poly(A) RNA (0·5 µg), prepared from 5-week-old normal and dwarf chickens, was reverse transcribed with each of the four anchored oligo dT primers, 5 GMT 12 3 , 5 AMT 12 3 , 5 TMT 12 3 and 5 CMT 12 3 where 'M' is a degenerate mixture of dA, dC and dG. Amplification and isolation of cDNA fragments were performed in accordance with the manufacturer's instructions. Selected PCR products were excised from the dried sequencing gel, amplified and random primer labeled for use as probes.
Screening of cDNA library
A commercially prepared chicken liver cDNA library (Stratagene) in ZAP was screened by hybridization of duplicate filter lifts (approximately 600 000 pfu) with a radiolabeled cDNA obtained from amplification of the differential display fragment. Plasmids were excised from positive purified plaques using the in vivo excision protocol according to the manufacturer's instructions and then subjected to sequence analysis with primers flanking the polylinker and primer walking. Sequence was analyzed on MacVector 4·5·3 (Kodak, Rochester, NY, USA) and compared with the NCBI database using the Basic Local Alignment Search Tool (BLAST) (Altschul et al. 1990 , Gish & States 1993 . Alignment with related sequences was performed using the Clustal method of the DNAStar MegAlign program.
Northern and Southern blot analyses
Total RNA was isolated from tissues of normal and dwarf chickens by the method of Chirgwin et al. (1979) or with an RNeasy kit. Northern blot analysis was performed as described previously (Huang et al. 1993) . Chicken glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or 18S RNA cDNA probes were used to monitor quality and quantity of RNA (Dugaiczk et al. 1983) . The abundance of the chicken sulfotransferase cDNA was determined by laser densitometry and fold induction determined after normalization to the levels of GAPDH mRNA. Chromosomal chicken liver DNA was prepared using standard procedures (Sambrook et al. 1989) , then digested with restriction enzymes BamHI, NcoI, NdeI and TaqI and subjected to Southern blot analysis as described previously (Burnside et al. 1991) .
RACE
Two nested primers were designed based on the known sequences obtained from partial cDNA clones. They are GSP1: 5 GAGGCAATGTTTTTCACTCCCAGGG 3 ; GSP2: 5 GCAGCATATTTGTTCCATTCAGAAAGG 3 . These are complementary to nt 729-753 and nt 652-678 respectively of the full-length sulfotransferase cDNA. Using mRNA prepared from the liver of a 5-week-old chicken, first-strand cDNA synthesis was performed using GSP1. Purification and TdT tailing of the cDNA were performed according to manufacturer's protocols. PCR amplification of dC-tailed cDNA was carried out using GSP2 and a poly(G) primer, following an initial incubation at 94 C for 5 min. PCR conditions were 94 C for 30 s, 48 C for 1 min 30 s and 72 C for 2 min for 40 cycles, followed by extension at 72 C for 7 min. A product of 725 bp was obtained, cloned into TA vector and sequenced.
Transfection and transient expression of chicken sulfotransferase
A full-length cDNA (nt 1-1183) was constructed using a BamHI site (nt 636) present in the 5 end of the partial cDNA clone obtained from library screening, and in the 3 end of the 5 RACE product. The fragments were ligated into pSG5 and orientation determined by restriction mapping. The integrity of the BamHI ligation site was verified by sequencing.
Cells (293, ATCC CRL 1573) were plated in 150 cm 2 culture flasks in Dulbecco's modified Eagle's medium/F12 containing penicillin (100 U/ml), streptomycin (50 µg/ml) and 10% calf serum. Cells were transfected with chicken sulfotransferase expression plasmid (30 µg) using calcium phosphate.
Sulfotransferase activity was measured 36-48 h posttransfection using a modification of a previously reported method (Tomizuka et al. 1994) . Cytosolic protein (250 µg) was incubated with 100 µM PAPS and 0·4 µM [ Blanks were prepared without the addition of PAPS or cytosol and all assays were performed in duplicate. After 30 min incubation at 37 C, reactions were stopped by the addition of 400 µl distilled water. The reaction was immediately extracted with 2 ml dichloromethane, and the radioactivity of sulfoconjugated steroid remaining in the aqueous phase was determined by liquid scintillation counting. The assay was linear with respect to time and protein concentration.
Results
Analysis of chicken sulfotransferase expression in normal and dwarf chickens
Differential display of normal and dwarf chicken liver revealed a large number of differentially expressed RNAs, as reported previously (Agarwal et al. 1995) . A cDNA fragment, which was displayed at higher levels in normals compared with dwarfs, was recovered from the differential display gel, reamplified and used as a probe on Northern blots of liver RNA from normal and dwarf chickens. The cDNA hybridizes to three transcripts of 1·45, 2·0 and 2·4 kb, which are all expressed at higher levels (approximately 2·5-fold) in normal chickens compared with dwarf chickens (Fig. 1A) .
To examine tissue-specific expression, Northern blots of total RNA from a number of tissues were hybridized to the cDNA probe (Fig. 1B) . Of the tissues examined, only liver and muscle had detectable levels of hybridizing species; however, the pattern of expression is different in these two tissues. In liver, the 1·45 and 2·0 kb transcripts were expressed at high levels and the 2·4 kb transcript was less abundant. In contrast, the two smaller transcripts were not present in muscle, but instead there was high abundance of the 2·4 kb and of a larger transcript (4·0 kb), in both breast and leg (iliotibialas) muscle, but not in cardiac muscle. The pattern and relative abundance were similar in both males and females, indicating there is no sexual dimorphism in the expression of this cDNA (data not shown).
In order to further elucidate the nature of the multiple hybridizing species present on Northern blots and the differences in expression between the normal and dwarf strains, Southern blot analysis was performed under the same conditions of stringency as the Northern blot analysis. The simple pattern displayed on Southern blot analysis (Fig. 2) is consistent with the cDNA only hybridizing to a single gene, suggesting that the multiple transcripts on Northern blots are derived from the same gene, rather than due to hybridization with different members of the sulfotransferase family. In addition, the restriction patterns are identical with normal and dwarf DNA, indicating the differences in the levels of gene expression are not likely to be due to gross aberrations in the chicken sulfotransferase gene in the dwarf chicken.
Because dwarf chickens have no functional GHR, and consequently no mechanism for regulating GH-dependent gene expression, the higher levels of mRNA found in normal chickens indicate it is a candidate for a GHregulated gene. To determine if the effects of GH on gene expression could be reproduced in intact animals, mRNA levels were determined in livers of chickens treated with GH. Eight-week-old chickens were used since they have very low endogenous GH levels, but relatively high GHR levels (Burnside & Cogburn 1992) . As shown in Fig. 3 , there was a significant increase in mRNA levels 1 h after injection and a peak at 4 h (Pc0·05). mRNA levels declined by 8 and 16 h, but increased again at 24 h. In comparison, chicken GHR mRNA levels also increased 1 h after GH administration, peaked at 4 h, then declined and remained at the preinjection level for the duration of the study. While these results do not definitively show that GH directly induces the expression of this gene, the rapidity of the response to GH is consistent with a direct effect.
cDNA sequence analysis
The cDNA fragment obtained from the differential display gel was used as a probe to screen a chicken liver cDNA library. Several positive clones were isolated, sequenced and found to overlap in the 5 end. The 5 RACE procedure was used to obtain the 5 end of the cDNA sequence. A single predominant PCR product of 725 bp was obtained, cloned and sequenced; this fragment contains an 83 bp overlap with the largest library clone. Computer analysis of the combined nucleotide sequence revealed a 936 bp open reading frame flanked by a 70 bp 5 untranslated region (UTR) (Fig. 4) , using the ATG at nt 71 as the initiator methionine. There is a second in-frame ATG at nt 134 and no stop codons in between. Thus, we cannot unambiguously assign the initiator methionine, as both show reasonable consensus for translation initiation according to Kozak's rules (Kozak 1989) . Hydropathy plot analysis of the deduced amino acid sequence did not indicate the presence of a signal peptide or any transmembrane domains, suggesting that this cDNA codes for a cytosolic protein. A comparison of the predicted amino acid sequence with GenBank database revealed significant sequence similarity to the sulfotransferase gene family (described below).
The isolation of two cDNA clones from a chicken liver cDNA library which differ in the 3 UTR, in conjunction with the presence of multiple transcripts on Northern blots, suggests alternative splicing or alternative polyadenylation is used to generate the different transcripts. In order to clarify this, domain-specific cDNA probes were generated and hybridized to identical blots of mRNA from liver. As shown in Fig. 5 , all transcripts hybridized to a probe containing the 5 UTR or the coding region; however, hybridization with probes corresponding to different portions of the 3 UTR indicated that the three transcripts differ in the 3 UTR. This is consistent with the finding that one of the positive library clones terminated at nt 790 and contained a poly(A) tail. This cleavage site is likely used to generate the 2·0 kb transcript. There does not appear to be a canonical polyadenylation signal in association with either 3 terminus. The location of the cleavage site used to generate the 1·45 kb transcript was not determined. Figure 6 shows a comparison of the predicted amino acid sequence of chicken sulfotransferase with other sulfotransferases which show the highest level of sequence similarity, based on BLAST analysis. At least 19 different Figure 2 Southern blot analysis of genomic DNA from normal and dwarf chickens. DNA (20 g) was digested with the indicated enzymes, electrophoresed on a 0·8% agarose gel and transferred to a nylon membrane. The blot was hybridized to a random primer labeled full-length chicken sulfotransferase cDNA probe.
Comparison of deduced amino acid sequence with sulfotransferase cDNAs
sulfotransferases have been isolated from various classes and species and this large gene family has been further divided into subfamilies based on sequence similarity and substrate specificity (Yamazoe et al. 1994) . Previous studies comparing the deduced amino acid sequence of sulfotransferases of plant, bacterial and animal origin have revealed significant homology in several well-conserved domains (Kong et al. 1992) . The recent determination of the crystal structure of estrogen sulfotransferase allowed further localization of residues involved in substrate binding (Kakuta et al. 1998) . The highly conserved sequences involved in binding the 5 and 3 phosphates of PAPS (amino acids 63-69 and 267-274 respectively) are present in chicken sulfotransferase. In addition, arginine 148 and serine 156, which are also involved in binding the 3 phosphate, are conserved. Histidine 126 is thought to be involved in catalysis and is found in all sulfotransferases. In the crystal structure, the steroid-binding pocket includes residues in the vicinity of phenylalanine 160, which is conserved in a number of sulfotransferases with different substrate specificities (Kakuta et al. 1998) . Other lessconserved residues in this region and the region around amino acid 262 likely confer specificity. However, the sequence of chicken sulfotransferase in these regions does not show sufficient similarity with other cloned sulfotransferases to indicate the identity of the endogenous substrate.
Expression of cloned chicken sulfotransferase in 293 cells
In order to determine if chicken sulfotransferase encodes a protein possessing sulfotransferase activity, the full-length cDNA was cloned into a eukaryotic expression vector and transfected and transiently expressed in 293 cells. Cytosolic protein from transfected and untransfected cells was assayed for sulfotransferase activity, using [ 3 H]estradiol and [ 3 H]corticosterone as substrates. Mock-transfected 293 cells had very low endogenous sulfotransferase activity; however, cells transfected with the chicken sulfotransferase cDNA showed a 14-and 8-fold increase in sulfotransferase activity with either estradiol or corticosterone Figure 3 Effects of in vivo administration of cGH on hepatic chicken sulfotransferase mRNA levels. Normal male chickens (8 weeks old, four per time point) were treated with a single i.m. injection of either saline (control) or cGH (100 g/kg body weight), and killed at the times indicated. RNA was prepared from livers and subjected to Northern blot analysis, using either a radiolabeled chicken sulfotransferase or GHR cDNA probe. Blots were hybridized to a GAPDH probe for normalization. Autoradiographs were scanned using a laser densitometer; relative changes in all chicken sulfotransferase transcripts were superimposable. Data points represent means of four animals for each time point S.E.M. respectively (Fig. 7) . This activity is sensitive to inhibition by low levels of N-ethylmaleimide (50% inhibition at 0·1 mM). Aryl and estrogen, but not hydroxysteroid, sulfotransferases are sensitive to low levels of thiol reagents (Glasier et al. 1992 ). These results demonstrate that the isolated chicken sulfotransferase cDNA encodes a protein with sulfotransferase activity; however, it should be emphasized that the true endogenous substrate is not known.
Discussion
By using the mRNA differential display technique, we have identified and cloned a GH-regulated cDNA that encodes a protein with sulfotransferase activity. This gene is expressed in liver and muscle and is found at higher levels in livers of 5-week-old normal chickens, compared with GHR-deficient dwarf chickens of the same age and genetic background. At 5 weeks of age, endogenous GH levels are near maximum in normally growing birds (Burnside & Cogburn 1992) , thus any difference in levels of expression is likely to be a consequence of GH action. GHR-deficient dwarf chickens do have other endocrine abnormalities resulting from the absence of GH action (Tixier-Boichard et al. 1989) . For example, dwarf chickens are slightly hypothyroid (Stewart et al. 1984) , and differences in gene expression could be a consequence of thyroid deficiency, or changes in any hormone whose activity is controlled by GH. However, we have demonstrated that at the level of steady-state mRNA, this sulfotransferase is rapidly, albeit modestly increased by in vivo GH administration. The time course of response to GH was biphasic, with increases detected by 1 h, and a peak at 4 h, followed by a decline for the next 12 h. Levels were increased again, at 24 h post-injection. A biphasic response of insulin-like growth factor-I (IGF-I) to GH has also been reported ( Johnson et al. 1989) . While these results indicate that the expression of chicken sulfotransferase is regulated by GH, these experiments do not discriminate between direct and indirect actions. It is conceivable that the biphasic response is the result of initial direct action by GH on gene transcription, followed by a delayed indirect mechanism that alters stability of the mRNA. Confirmation of these actions will require nuclear run-on assays and promoter analysis. The three hepatic chicken sulfotransferase transcripts originate from a single gene and differ in their 3 UTR. Other genes in the sulfotransferase gene family use alternative polyadenylation sites or alternative 5 start sites to generate multiple transcripts (Kong et al. 1992 , Bernier et al. 1994 . The alternative noncoding sequences might have important functions in regulation of gene activity by affecting mRNA stability or translational activity. The 2·5 kb transcript in liver is present at very low levels on most Northern blots. This could reflect an intrinsic instability Figure 5 Northern blot analysis of liver chicken sulfotransferase transcripts using probes corresponding to different regions of the cDNA. Poly(A) mRNA was used for the analysis. Probes were prepared by restriction enzyme digestion of the cDNA. Probe 1 corresponds to nt 1-635; probe 2 is nt 636-1183; probe 3 is nt 1396; probe 4 is nt 2025-2235. due to sequences in the 3 UTR. It appears that there is tissue-specific processing of the sulfotransferase gene or mRNA in the chicken, since in muscle only the 2·4 and a 4·0 kb transcript are expressed. We are in the process of cloning the muscle cDNA in order to determine the structure of these hybridizing species. Preliminary results suggest the larger transcript in muscle contains two retained introns.
Chicken sulfotransferase shows only 28-32% sequence similarity with mammalian sulfotransferases, but has a higher level of similarity in the domains (particularly the PAPS-binding domains) which are conserved in other sulfotransferases. Sulfotransferases are involved in the metabolism of a wide variety of endogenous materials (hormones, neurotransmitters and bile acids) and exogenous chemicals (drugs, pesticides and carcinogens) (Mulder & Jakoby 1990) . These enzymes catalyze a sulfoconjugation reaction which increases the water solubility of the substrate, thereby facilitating excretion (Mulder & Jakoby 1990) . Sulfotransferases can also play a regulatory role by transforming compounds such as steroid hormones into receptor-inactive forms (Demyan et al. 1992) . In this role, sulfotransferases can effectively regulate the target cell sensitivity to hormonal steroids and thus the downstream expression of hormone-responsive genes within target tissues. Computer analysis does not allow assignment of chicken sulfotransferase to any known family of sulfotransferases, and its endogenous substrate is not yet known. There have been several reports of GH stimulation of estrogen and thyroid hormone sulfotransferase activity, where regulation appears to be related to the sex difference in GH secretion (Yamazoe et al. 1987 , Gong et al. 1992 ). We have not noted any differences in the levels of chicken sulfotransferase mRNA between liver (or muscle) of male and female chickens (unpublished results), and chicken sulfotransferase may represent a different class of sulfotransferase. However, even though we do not know the physiological substrate of this sulfotransferase, it can use the steroid hormones estradiol and corticosterone as substrates. Glucocorticoids and estrogens have long been known for their antagonism of GH action (Freundenberger & Hashimoto 1937 , King et al. 1996 . For example, in the liver, estrogens can inhibit IGF-I synthesis, and as a consequence, reduce growth (Murphy & Friesen 1988) . We speculate that GH induction of sulfotransferase activity may play a positive role in protecting target tissues from the growthinhibitory action of steroid hormones during the rapid growth periods of animals. With restricted tissue expression of this sulfotransferase, GH would not reduce Figure 6 Comparison of the predicted amino acid sequence of chicken sulfotransferase with human alcohol sulfotransferase (h alc ST, #JC1223 (Kong et al. 1992) ), human aryl sulfotransferase (h aryl ST, #A55451 (Bernier et al. 1994) ), thyroid hormone sulfotransferase (h T3 ST, #U95726) and guinea pig estrogen sulfotransferase (gp e ST, #A44011 (Tomizuka et al. 1994) ). Alignment was performed using the Clustal method of the DNAStar MegAlign program. Shaded boxes indicate residues involved in binding PAPS. The conserved histidine thought to be involved in catalysis is indicated by '+'. Hatched lines indicate analogous regions that form the steroid-binding pocket of estrogen sulfotransferase (Kakuta et al. 1998) .
the positive effects of steroids on growth of bone or reproductive organs.
In order to fully unravel the complexity of GH action, there is a need for identification of more genes, and systems for analysis of GH-dependent gene expression. Information on genes whose expression is regulated by GH will further our understanding of GH action. In addition, analysis of the promoters of these genes can be used to establish systems for studying GH signal transduction mechanisms. To date, only five GH-regulated genes have been isolated and the promoter elements involved in GH regulation identified (c-fos, Spi 2·1, insulin, cytochrome P450 3A10 hydroxylase and acid labile subunit) (Yoon et al. 1990 , Le Cam et al. 1994 , Meyer et al. 1994 , Sliva et al. 1994 , Subramanian et al. 1995 , Galsgaard et al. 1996 , Ooi et al. 1998 . The expression of these genes differs in terms of temporal regulation and tissue-specific expression, in response to GH. The lack of information on other GH-regulated genes has limited our understanding of the diverse nature of the molecular mechanisms involved in GH action and characterization of other GH-regulated genes and the cis-and trans-active elements involved in their GH-dependent gene expression is needed. We have isolated a genomic clone of chicken sulfotransferase and sequenced a portion of the promoter. A comparison of the promoter sequence with the palindromic motif which interacts with signal transducers and activators of transcription (Le Cam et al. 1994 , Galsgaard et al. 1996 , Ihle 1996 indicates the presence of several potential GH regulatory elements (GHRE). Future experiments are aimed at determining if the promoter of chicken sulfotransferase is GH responsive, and functional localization of the GHRE(s).
